ABSTRACT: Using a modal matching theory, we demonstrate the generation of short-range, chiral electromagnetic fields via the excitation of arrays of staggered nanoslits that are chiral in two dimensions. The electromagnetic near fields, which exhibit a chiral density greater than that of circularly polarized light, can enhance the chiroptical interactions in the vicinity of the nanoslits. We discuss the features of nanostructure symmetry required to obtain the chiral fields and explicitly show how these structures can give rise to detection and characterization of materials with chiral symmetry.
C ircular dichroic measurements are powerful probes of biomacromolecular structure 1 due to the intrinsic twist, or chiral symmetry, of circularly polarized radiation. However, the sensitivities of spectroscopic techniques which utilize circular dichroism are limited: for small chiral molecules, for example, the absorption cross sections for left-and right-circularly polarized light differ by less than one part per thousand. 2, 3 This intrinsic weakness of chirally sensitive, or chiroptical, interactions arises from a mismatch between the chiral length scale of light (set by the wavelength of light), with the chiral length scale of molecule, which is typically orders of magnitude smaller.
Recently, it has been demonstrated that this natural ceiling to chiroptical sensitivity can be breached. 2, 4, 5 In ref 4 , evanescent electromagnetic (EM) fields, created by scattering near chiral nanostructures, were used to significantly enhance the sensitivity of a chiroptical measurement. Here we develop a physical understanding of how chiral electromagnetic fields can be induced around nanostructures. We illustrate the principles using an exemplar structure of nanoslit pairs which maximize the chiral density of electromagnetic fields in localized regions of space. Subsequently, we develop models for describing the interaction of locally chiral fields with chiral media. This approach lays the foundations for practical applications of locally chiral electromagnetic fields in areas such has biomolecular characterization and sensing.
The origin of all chiroptical interactions lies in the symmetry of the light−matter interaction: due to the chiral symmetry of circularly polarized light, materials with an intrinsic twisted structure scatter inequivalently for left-and right-handed polarizations. 6 A crucial point in our work is therefore how to define the chirality of electromagnetic fields in a quantifiable manner. We follow the formalism developed by Tang and Cohen, 5 which defines the chirality of a time-varying electromagnetic field by considering the excitation rate of a "probe" molecule defined by point electric and magnetic dipole moments. For small molecules, chiroptical effects derive primarily from electric dipole−magnetic dipole coupling. 6 Beginning from the definitions of point dipoles, and using the behavior of electromagnetic fields under parity transformation, it is relatively straightforward to obtain the differential excitation rate between left-and right-handed systems. 5 For isotropic media with no preferential orientation in space, the dissymmetry in excitation rate can be written as
where G′ describes the chiral optical properties of a molecule in the absence of an applied static magnetic field and Ẽ( 0) and B̃ ( 0) denote complex electric and magnetic vectors, respectively. ΔR represents the differential absorption (energy absorbed per second) of a molecule in left-and right-handed fields or indeed the differential absorption of mirror-image molecules in the same field. This asymmetry in energy absorption is intrinsically tied with an asymmetry in refraction/scattering via Kramers− Kronig relations. For bulk materials, this gives rise to absorption coefficients and refractive indices which are determined by the helicity of light. Equation 1 is a product of a molecular property (G′) with the chiral properties of the electromagnetic fields, given by
referred to here as electromagnetic chirality, a pseudoscalar that represents the intrinsic chiral symmetry of a time varying electromagnetic field. For a circularly polarized wave with unit intensity (i.e., magnitude of electric field vector ∼1/√2), one can easily calculate the electromagnetic chirality of left (C L = +2ω/c) and right (C R = −2ω/c) circularly polarized light. We use these values to normalize all calculations below. As pointed out separately by Bliokh and Nori 7 and Andrews and Coles, 8 the helicity of light is responsible for chiroptical interactions, so that circularly polarized light is unquestionably the most chiral form of electromagnetic waves. Nevertheless, eq 2 is valid for any time varying electromagnetic field (note that the ω/c terms in C L and C R , though equivalent to vacuum wavenumber, arise from derivatives of the electromagnetic fields in time). Can one generate a time varying electromagnetic field with greater chiral intensity than circularly polarized light? Enhanced evanescent fields, generated in the vicinity of scattering chiral nanostructures, 9 hold the key. It has recently been shown that the accustomed link between helicity and spin angular momentum breaks down for evanescent fields. 10 We show below that, by designing suitable scattering structures which increase electromagnetic intensity in the near field while simultaneously inducing a chiral symmetry to the fields, one can mediate chiroptical interactions. We show explicitly that chiral electromagnetic eigenmodes occur only for scattering nanostructures, which are themselves two-dimensionally chiral.
From eq 2 one can establish the essential property of local fields which possess chiral symmetry: the complex fields, Ẽ(
0)
and B̃( 0) , must be parallel and phase shifted, giving rise to a nonzero imaginary component to their dot product. This corresponds to real electric fields which have components parallel to the time derivative of the magnetic field. However, the radiation scattered from a single nanostructure is predominantly electric dipole radiation, and the electric and magnetic fields associated with such radiation are orthogonal this is true for the near-and far-field zones.
11 From this we conclude that the electromagnetic eigenmodes of single nanoscale, achiral particles can never be chiral. The solution lies in engineering chiral ensembles of simple nanostructures, such that the magnetic field from one nanostructure is parallel to the electric field from another nanostructure. This is a rather simple and effective approach to generate nanoscale electromagnetic chirality in local regions of space.
We begin by considering the fundamental resonances of nanorods and nanoslits (see Figure 1 ). The fundamental excitation of a nanorod is an electric dipole mode 12 with high electric field at the ends of the rod. On resonance, a current maximum (and corresponding maximum in magnetic field) is found at the center of the rod. A nanoslit (i.e., a long slit in a metal film) is the complementary structure 13 and gives rise to regions of high magnetic field toward the ends of the nanoslit and a maximal electric field in the center. Both structures are resonant when the wavelength of incident light is approximately twice the length of the slit/rod. While the general principles under discussion here apply to both nanorods and nanoslits, we will concentrate for simplicity on nanoslit arrays. Though nanoslits do not possess chiral symmetry by themselves, one can arrange them in two-dimensional chiral ensembles by staggering them. To obtain a strong overlap between the electric and magnetic field regions, they can be arranged in pairs as shown in Figure 1b . While there are several ways in which this pairing can occur, only the chiral arrangement on the righthand side of Figure 1b generates chiral fields: for this arrangement, both nanoslits can be excited simultaneously, and because of the fixed (π/2) phase relationship between electric and magnetic fields of the slit eigenmodes, electromagnetic chirality is generated in the regions where electric and magnetic fields overlap.
In order to better understand the electromagnetic properties of our nanoslit pairs, we introduce a modal matching model based on that in refs 14−16. We describe in brief the method: the electromagnetic fields in the superstrate (incident) and substrate (transmission) regions, written as periodic Fourier− Floquet expansions, are matched to the fields of the waveguide modes inside the nanoslits. By exploiting continuity of electric and magnetic fields at the boundaries, we can obtain explicit analytical expressions for the electromagnetic fields in all regions of space. The full details of the model can be found in the Supporting Information. An important approximation lies with the description of the metal, treated here as perfectly conducting (i.e., effects due to field penetration into the metal, such as joule heating, are neglected). The nanoslit pairs are investigated as part of a periodic array of pitch 800 nm. Unless otherwise stated, we discuss the results for the dimensions shown in Figure 1c : slit length = 500 nm, slit width = 50 nm, height (h) = 50 nm, and lateral displacements α = 250 nm and β = 40 nm (see Figure 1d) .
One of the defining properties of chiral structures is a different response to excitation by left-and right-handed circularly polarized light. The nanoslit arrays considered here are an example of a 2D chiral structure. 17 For finite h, a nonzero differential transmission of left-and right-handed light is observed, an effect arising from their intrinsically nonlocal response. 18 This is seen in Figure 2a , where we plot the differential transmission spectrum of left-and right-handed incident light, ΔT = T L − T R , for different h. The nanoslits exhibit a resonance in differential transmission at a wavelength that is approximately twice the length of the nanoslit. In addition to the resonance peak in differential transmission, a step change in the spectrum occurs on increasing frequency beyond the diffraction edge, marked by an arrow. This behavior occurs for frequencies where the structure is diffracting, due to the introduction of an additional radiative loss channel. 19 Chiral arrays of nanoslits also generate local electromagnetic fields which are chiral. In Figure 2b , we plot the electromagnetic chirality generated at the fundamental resonance frequency of the nanoslits, calculated in the overlap region on the transmission side of the array (marked by the arrow at the center of the unit cell) for excitation by incident wave polarized perpendicular to the slit axis. The local electromagnetic chirality in this region is more than 2 orders of magnitude greater than that for circularly polarized light. The chiral selectivity of the local field, proportional to C/|Ẽ( 0) | 2 , 5 is also spatially inhomogeneous and typically a few times that of circularly polarized light in the vicinity of the nanoslits. These chirality hotspots (i.e., with local electromagnetic fields which are simultaneously intense and chiral) do not arise from enhanced electromagnetic intensity alone but require phase shifted but parallel components of Ẽ( 0) and B̃( 0) fields in the same region of space. These locally chiral fields exhibit no intrinsic rotation of vector fields in space, a fundamental difference compared to circularly polarized light. The requirement of a fixed phase relationship between Ẽ( 0) and B̃( 0) fields gives rise to another interesting effect: the chirality of local evanescent field is determined by the symmetry of the nanostructures themselves. It is also important to stress that the handedness (and hence polarity) of the local electromagnetic chirality is independent of the handedness of the incident light. This behavior is in contrast to the planar cavities described in refs 2 and 5, where the polarity of the electromagnetic chirality is determined by that of the incident light. 7 The importance of nanostructure symmetry is therefore a defining feature of the resonant enhancements discussed here: the local electromagnetic chirality can be altered and tuned by modifying the structure itselfwe return to this point belowand the mirror-imaged structure generates local fields with a reversed sense of chiral symmetry (see Figure 2b) .
It is also clear that enhancement of electromagnetic chirality is a local effect, occurring only in regions very near the scattering structures. In Figure 3 , it can be seen that the electromagnetic chirality decays exponentially with distance from the surface. Moreover, the electromagnetic chirality changes polarity on translation from superstrate to substrate sides of the array. An interesting observation is that, for thin structures (h → 0), the integrated electromagnetic chirality over superstrate and substrate regions is equal to that of the incident light. This implies that, in the absence of absorption, electromagnetic chirality may be a conserved quantity, as suggested by Tang and Cohen. 5 In local regions exhibiting high electromagnetic chirality one can probe chiroptical effects, as chiral materials in the vicinity of such twisted nanostructures will display amplified chiral asymmetry in their optical properties. For example, left-handed molecules will exhibit different excitation, emission, and scattering cross sections from their right-handed counterparts. Correspondingly, chiral molecules in the vicinity of left-and right-handed nanostructures are predicted to exhibit asymmetry in their optical behavior. In order to enhance chiroptical asymmetry in chiral materials, it is important to note that the chiral medium must be introduced in only one half-space (either substrate or superstrate) to avoid cancelation due to the opposing polarity of electromagnetic chirality in each region (see Figure 3) . There are several means by which one could, at least in principle, observe such chiroptical interactions. In ref 4 an experiment to ascertain this asymmetry was demonstrated. In brief, chiral gold nanostructures were fabricated on quartz substrates, which were subsequently incorporated into a liquid cell for spectroscopic measurement. A circular dichroism spectrometer recorded the differential transmission spectrum, ΔT. Resonance frequency shifts were recorded due to molecular species adsorbed onto the metallic nanostructures with asymmetry for left-and right-handed nanostructures; i.e., when we reverse the chiral symmetry of the nanostructure with respect to that of the molecular species, one observes a relative shift in the resonance frequency. One can now understand the origin of this effect from Figure 2b : when the symmetry of a chiral nanostructure is changed to its mirror image, the polarity of the electromagnetic chirality is also reversed.
In order to elucidate the experimental findings in ref 4 , we develop our model to describe the interaction of chiral local fields with chiral media. Since there are many types of chiral media in nature, we concentrate here on the simplest case: isotropic chiral materials. In such materials, a wave of given circular polarization propagates with the same wavenumber regardless of its direction of propagation. We therefore define in our model a material with a chiral refractive index component, Δn, so that the total, isotropic refractive index is different for left-and right-handed wave components, described by n ± = n 0 ± Δn. Then, by deconvolving our Fourier−Floquet expansions in terms of left-and right-handed wave components, we can incorporate the effects of a chiral refractive index. It is important to note that this formulation includes the response of the nonabsorbing chiral medium to the evanescent, nonradiative field components. It is these evanescent fields that give rise to handedness through their different amplitudes for spin-polarized field components (see Supporting Information). Details of this procedure are supplied in the Supporting Information. By defining a chiral component to the refractive index in the transmission region of the nanostructure array, we distinguish resonance shifts which are qualitatively similar to those observed in experiment:
4 the black line in Figure 4a represents the dipole resonance of the nanoslit arrays in the presence of an achiral material with refractive index, n 0 = 1.5, while the blue (dotted) and red (dashed) lines represent the resonance with a chiral component of refractive index introduced on the transmission side of the array, defined by Δn = +0.03 and Δn = −0.03, respectively. The dotted and dashed lines therefore represent systems in which the chiral symmetry of the material in the transmission region is reversed with respect to the chiral nanostructure. The resonance shift also increases as the chiral refractive index component increases in magnitude. As expected, we observe similar effects when a chiral medium is introduced in the incident rather than transmission region, with frequency shifts reversed in sign.
One important aspect of nanostructure induced electromagnetic chirality is that local electromagnetic chirality can be tuned through the structure of the nanostructure array. In Figure 4b , we plot the frequency shifts (measured at halfmaximum of the peak) as a function of the array parameter α (see Figure 1) . The local electromagnetic chirality at the transmission interface of the array is strongly dependent on α, as the overlap integral of electric and magnetic field components is modified. Moreover, the sign and magnitudes of the resonance shifts observed in Figure 4a are correlated to the electromagnetic chirality generated by the nanostructures (see inset of Figure 4b ). We see similar effects for higher order (quadrupolar) nanoslit modes (see Supporting Information).
An important point to note is that the spectral shifts in Figure 4 , for refractive indices of typical chiral liquids, 20 are signif icantly smaller than observed in experiment. 4 This indicates that there may be other mechanisms of enhancement at work. This is most likely due to a combination of factors. First, adsorbed molecules may influence the electronic states of the metallic nanostructures. 21 Furthermore, molecular alignment at the substrate interface may play an important role, giving rise to aligned dipole−dipole interactions 22 or contributions to chiroptical phenomena through electric dipole−electric quadrupole coupling. 6 Finally, for large biomolecules which are of the same order as the spatial decay length of the inhomogeneous local electromagnetic fields, nonlocal effects may be important. We stress that eq 2 is only strictly correct for infinitely small chiral molecules, as the derivation begins with the assumption of point dipoles. For finite-sized molecules, the nature of the dipole−dipole interactions can be more complex and intrinsically nonlocal in nature. Under such circumstances, one can expect resonant scattering conditions due to the large wavevector components present in strongly inhomogeneous near fields.
In conclusion, we have developed a physical understanding of how nanostructures can generate chiral evanescent fields. Consequently, we have been able to determine the symmetry properties of a nanostructure required to optimize the chirality of the local electromagnetic fields. We then explicitly show how these structures can give rise to amplified response to media with chiral symmetry and developed a qualitative understanding of the phenomenon reported in ref 4. Our approach therefore lays the foundations for the practical applications in the detection of chiroptical materials such as biomolecular characterization and sensing.
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